The spin injection and accumulation in metallic lateral spin valves with transparent interfaces is studied using d.c. injection current. Unlike a.c.-based techniques, this allows investigating the effects of the direction and magnitude of the injected current. We find that the spin accumulation is reversed by changing the direction of the injected current, whereas its magnitude does not change.
I. INTRODUCTION
reversal" technique, while sweeping the magnetic field in the direction given by the thin arrows.
Thick vertical arrows indicate again the magnetic alignment of the electrodes.
spin currents. We identify the origin of two different background contributions to the NLSV measurements: inhomogeneous current distribution and thermoelectric effect due to Joule heating in the spin valve device. This Joule heating also increases the local temperature of the device, modifying the magnitude of the spin accumulation at high current densities.
II. EXPERIMENTAL DETAILS
Lateral spin valve devices are fabricated using a two-angle shadow evaporation technique, which allows fabrication of the full device in-situ, necessary to obtain clean transparent interfaces. First, a suspended mask is created by e-beam lithography on a bilayer resist (500- signal-to-noise ratio, any information about the effect of the direction of the current is lost.
In all our measurements we use the non-local geometry, in which spin-polarized electrons are injected from a FM electrode (injector) into the NM strip, where it produces a nonequilibrium spin accumulation [ Fig. 1 (a) From the ∆V / |I| values at different edge-to-edge distances between electrodes and using Eq. 1 (see below), with values for the spin diffusion length of the FM λ P y =5 nm Co is much smaller than ∼0.5 usually obtained 24, 25, 26, 27 . This large reduction of α Co has also been observed in previous experiments using lateral spin valves 5 . Note that α F is the intrisic spin polarization of the FM only in an ideal case and any interface or geometry effect in the spin injection will be reflected in the fitted value of α F . A discussion of the origin of the discrepancy in α Co is given in Ref. 5.
III. RESULTS AND DISCUSSION
A. Effect of current direction: results To study the effect of the injected current direction, we repeated the previous NLSV measurement, using positive (+I) and negative (-I) currents separately. the magnitude of ∆V / |I| remains constant for both current directions.
Figures 3 (a) and (b) show the NLSV signal for the P and AP magnetic alignment of the electrodes separately, as a function of d.c. current from -1 to +1 mA (∼ 3×10 6 A cm −2 ). In the Py/Cu/Py device, for any current magnitude, the NLSV signal is the same when both the magnetic configuration and direction of current are reversed, i.e., the signal measured for P alignment with +I (-I) is identical to the one for AP alignment with -I (+I). Therefore, the NLSV signal difference ∆V / |I| has the same magnitude and opposite sign for positive and (Fig. 4) . The NLSV voltage built at the NM-FM detector interface is given by:
where Since all parameters of the lateral spin valve (geometry and materials) remain the same when the current direction is reversed, any variation in ∆V / |I| would be due to a change in the spin injection efficiency, i.e., the spin polarization of the injected current at the interface.
Accordingly, the spin injection efficiency is the same when injecting current from a FM to a NM and from a NM to a FM, causing exactly the opposite spin accumulation in the NM. This demonstrates that the injection mechanism in transparent junctions is perfectly symmetric for opposite spin types up to 1 mA (∼ 3×10 6 A cm −2 ).
This result, although predicted by Eq. 1, has been overlooked due to the use of a.c.
currents and has not been proven experimentally before. Even though it may look straightforward, this symmetry of spin injection in metals using transparent contacts is in contrast with injection across tunnel junctions into metals 6,18 or semiconductors 11 , where a spin polarization asymmetry is observed for opposite biases.
More importantly, these results show that we are able to manipulate the sign of the spin accumulation (i.e., the spin-type of the pure spin current) while keeping the same magnitude by only changing the direction of the electrical current, without changing the magnetic configuration of the spin valve (i.e., without application of an external magnetic field).
C. Origin of backgrounds
The origin of the backgrounds present in the NLSV signal can be inferred from their current dependences. In all devices, as the one measured in Fig. 3 (a) , the effects of the current on the background for any magnetic alignment of the electrodes (P or AP) are as follows: the background disappears when the current tends to zero (and the ideal bipolar switching, arising from the pure spin valve effect, occurs), increases with the absolute value of the d.c. current and is independent of current direction. To confirm these facts, we simulate an a.c. measurement by averaging the positive and negative current branches of the NLSV signal as
. In this averaged NLSV signal [also plotted in Fig. 3 (a) for P and AP alignments as a function of the absolute value of the d.c. current] the background is completely eliminated, which demonstrates that it cannot be observed in conventional a.c. measurements ("d.c. reversal" or lock-in). The fact that the background is independent of the current direction indicates that the origin is a thermoelectric effect due to Joule heating. The heat generated in the injecting junction dissipates along the NM strip, of the type of spin valve), as the one shown in Fig. 3 (b) : it is constant with current, being positive for positive currents and negative for negative currents, therefore having an ohmic behavior. The averaged NLSV signals for P and AP alignments, plotted in Fig. 3 (b), are shifted up because this background is not eliminated. This background is thus the offset we observe for some samples in the "d.c. reversal" technique (see sec. III A) and also the one observed in conventional a.c. measurements 10 . The observation that it has an ohmic character and varies substantially from device to device is in agreement with a recent report 17 . This report has identified the background to originate from an inhomogeneous current distribution which depends on the detailed device geometry. 
IV. CONCLUSIONS
In conclusion, we have studied systematically the effect of the direction and magnitude of a d.c. current on the spin injection and accumulation in metallic lateral spin valves with transparent junctions. We find that up to a current density of 3 × 10 6 A cm −2 the injection mechanisms are perfectly symmetric when injecting electrons from a FM to a NM, accumulating majority spins, and from a NM to a FM, accumulating minority spins, which causes exactly the opposite spin accumulation. This pure electrical manipulation of the polarity of the spin current with d.c. current is relevant for future magnetic-field-free spintronic devices. These results can be explained by a spin-dependent diffusion model. The two backgrounds appearing in the NLSV measurements originate from an inhomogeneous current distribution (observed in usual a.c. techniques) and from a thermoelectric effect due to Joule heating (observed only in d.c. measurements). Since high current densities are preferred for practical spintronic effects 9,10 , such as spin torque 29 , spin injection with transparent junctions offers a greater advantage than with tunnel junctions, although the temperature effects due to Joule heating must be taken into account in the spin accumulation magnitude.
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